Abstract: Engineering a cell with the minimum number of genes, functions or components required for living in a defined environment has become one of the promises of system biology. Theoretical as well as experimental approaches have been undertaken in order to identify essential genes and functions for different model organisms. These experiments have shown that, despite the well-known group of universally conserved genes mainly related to transcription and translation, there is a fraction of essential genes which are particular to each one of the species analyzed, thus defining a diversity of possible minimal genomes. Comparative analysis of naturally evolved near-minimal genomes have the potential to uncover how nature has solved in different ways the accomplishment of basic functions to sustain a cell. Here we review the state of the art of reduced sequenced genomes and discuss the concept of a minimal cell at the light of this biodiversity.
THE MINIMAL CELL CONCEPT
The quest for the minimal cell can be posed as the search for the necessary and sufficient features of life. This question, with a long tradition in theoretical biology [1] , has become amenable to experimentation thanks to the spectacular advances in molecular biology techniques. The availability of complete genome sequences for several (often closely related) species, and the development of in vitro, as well as in silico quantitative analytical techniques designated to study collectively the molecules that constitute the intricate machinery of cells, have the potential to burst our present day understanding of biological systems. However, as discussed here, an evolutionary perspective of cells provides the framework to better understand the properties of minimal living systems. In particular, attention must be given to the diversity of naturally evolved reduced genomes.
Approaches to identify minimal components of life can be conceptually divided in two, namely the bottom-up and the top-down [2] (Fig. 1) . The bottom-up approach aims at constructing artificial chemical systems capable of replication and evolution starting from simpler components (i.e., building up cells from scratch). By recreating some of the steps that pre-cellular systems may have followed from chemistry to biology under primitive Earth conditions, this research program is motivated by the possibility to better understand the origin of life on Earth [2] . Although no such a system has been developed yet, extremely simple systems might eventually be constructed from this approach showing *Address correspondence to this author at the Institut Cavanilles de Biodiversitat i Biologia Evolutiva, Universitat de València, València, Spain, Tel: + 34 96 354 38; Fax: 34 963543670; E-mail: luis.delaye@uv.es some typical biological properties. Thus, subsystems considered as supra-chemical or infra-biological [3] might be composed of a combination of three basic properties of cells, namely: Metabolism (M), Template based replication of hereditary material (T) and Boundary of the system (B) [4] . Progress in the combinatorial of some of these subsystems includes the vesicle-encapsulated, template-directed, enzyme-free synthesis of a genetic polymer from externally provided monomers [5] . It is worth noting that those efforts are in context of the origin-of-life research program as originally formulated by Oparin [6] , i.e., to discover the articulation of chemical subsystems exhibiting life-like properties under plausible early Earth conditions.
The top-down approach starts from existing organisms with the objective of simplifying their genome, leading to a minimal (or at least reduced) gene set. The rationale behind is common ground. Since the cell's hereditary information needed for structure and function is coded in its genes, cell simplification can be reduced to the task of engineering the genome [7] . Essential genes are identified through deletion mutant experiments or by in silico comparative genome analysis. The difference between computational and experimental approaches is that the former identifies a set of essential genes that is shared among diverse taxa, whereas the latter searches for individual genes that are essential for growth in a single species and in the conditions under study [8] . Then, a theoretical minimal genome is proposed comprising the set of essential genes identified. For instance, systematic attempts to identify essential genes through deletion mutant experiments includes Escherichia coli [9] , Bacillus subtilis [10] and Mycoplasma genitalium [11] where 620 (out of 3746), 271 (out of ~4100) and 382 (out of 482) of the genes were shown to be indispensable respectively when singly deleted under the experimental conditions tested. Examples of identification of non essential genes through comparative analysis of several strains has been applied to E. coli where it has been possible to delete ~15% of its genome, without comprising its metabolic efficiency and unexpected increase in its electroporation efficiency [12] . The synthesis of the complete genome sequence of M. genitalium [13] is also an effort towards the engineering of simpler biological systems starting from present day cells.
Bottom-up and top-down approaches will ultimately provide models for better understanding the early history of life on Earth and will help to untangle the intricate molecular machinery of modern cells. In particular, top-down approaches can enormously benefit from the study of present day organisms with small genomes by showing different ways in which relatively simple biological systems might operate. In this sense, genomes from endosymbionts, parasites and free-living organisms with reduced genomes are par excellence examples of naturally evolved minimal gene sets. Because small genomes preferentially retain basic functions for sustaining a cell, a comparative analysis of their diverse biology might help to better understand the properties of a hypothetical minimal cell [14] . Here, we review the state of the art of sequenced naturally evolved reduced genomes and discuss some aspects of their evolution in relation to the minimal cell concept.
NATURALLY EVOLVED REDUCED GENOMES
Morowitz [15] made a distinction between minimal cells requiring precise and chemically complex environments for heterotrophic growth, and those demanding only minimal components to the environment to autotrophically self construct their biomolecules. Paradigmatic cases for the above are M. genitalium on the heterotrophic side and cyanobacteria on the autotrophic one. Not unexpectedly, there is an inverse relationship between the number of genes a reduced genome harbors, and the chemical complexity of the environment the organism requires for growth. As shown in Fig.  (2) , obligate host associated prokaryotes have the smallest genomes, being endosymbiotic ones those endowed with the smallest genomes.
Nowadays, the sequenced genome with the smallest number of genes from a free-living organism belongs to an uncultured but abundant ocean beta-proteobacterium from the clade OM43, strain HTCC2181 with 1377 genes [16] (Fig. 2 ). This genome is followed closely by others like that of the cosmopolitan oceanic bacterium Candidatus Pelagibacter ubique HTCC1062 (one of the most successful clade of prokaryotes), the dehalorespirant Dehalococcoides sp. BAV1 and the hyperthermophilic crenarchaeon Ignicoccus hospitalis KIN4/I, with 1394, 1436 and 1494 genes respectively [17] [18] [19] .
The diversity of lineages, nutritional strategies and ecological niches occupied by these free-living organisms with small genomes is noteworthy ( Table 1) . Among the bacterial domain, the proteobacterium HTCC2181 is an obligate methylotroph marine bacterium that specialize on C1 compounds like methanol and formaldehyde as sources of carbon and energy [16] . Candidatus Pelagibacter ubique HTCC1062 is an heterotroph that grow by assimilating organic compounds from the ocean's dissolved organic carbon reservoir and can generate energy by a light-driven proteorhodopsin proton pump or by respiration [17] . The Dehalococcoides sp. BAV1 (Chloroflexi phylum) is a dehalorespiring heterotrophic strictly anaerobic bacterium capable of derive all its energy required for growth from the reduction of vinyl chlo- 
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In vitro genome synthesis ride (VC) to ethene [18] . The smallest photosynthetic cells, represented by Prochlorococcus marinus have slightly larger genomes (in the order of 1.7 Mbp) than the previous prokaryotes [20] . The hyperthermophilic bacteria Aquifex aeolicus, a chemiolithoautotroph, is capable of growing on hydrogen, oxygen, carbon dioxide, and mineral salts [21] . Among archaeal prokaryotes, I. hospitalis is another chemolitoautotroph that couples CO 2 fixation with sulfur respiration using molecular hydrogen in high temperature hydrothermal vent systems [19] . Methanococcus aeolicus Nakai-3 is a CO 2 reducing methanogenic marine euryarchaeota [22] . Another euryarcheota, the strictly aerobic extremophile Picrophilus torridus DSM 9790 is a heterotroph that can use many type of sugars as their energy source, as well as propionate, and is also able to grow around pH 0 at up to 65 degrees C, thus they represent one of the most thermoacidophilic organisms known [23] . Last but not least, the aerobic hyperthermophilic korarchaea Candidatus Korarchaeum cryptofilum OPF8 grows heterotrophically, using a variety of peptide and amino acid degradation pathways [26] .
As shown in Table 1 , several species of free-living prokaryotes belonging to different orders have evolved small genomes with a similar number of genes, indicating that extant cells requires around 1400 to 1500 genes to sustain a free-living lifestyle under present-day natural conditions. A similar conclusion was achieved by a study on published genome sizes determined by pulse-field gel electrophoresis (PFGE) on 641 prokaryotic genomes [28] . These observations, although limited by the sample of available data, are nevertheless supported by the diversity of lineages as well as the different nutritional strategies and ecological niches represented by them. They also indicate that the minimal genome for a free-living cell may be in the order of 1Mbp [19] .
Genomes with fewer genes than the smallest free-living prokaryote belong to parasitic or endosymbiotic organisms and are found in fifteen different orders among extant sequenced genomes ( Table 2) . Evolved from free-living relatives by a process of massive genome reduction, they have been traditionally studied as natural models of minimal cells [8, 14] . Perhaps one of the most interesting surprises found [69] . in these reduced genomes is the lack of genes previously thought to be essential for life. For example, in Candidatus Phytoplasma asteris OY strain as well as in Buchnera aphidicola BCc genomes, there is a lack for the genes coding for the ATP-synthase subunits [29, 30] and Ureaplasma urealiticum lacks the heat shock protein/chaperonins GroEL and GroES and the cell-division protein FtsZ [31] . Examples of simpler biochemical pathways are also found in U. urealyticum. This bacterium generates 95% of its ATP through the hydrolysis of urea by urease [32] . In terms of the number of genes involved, ATP production by urea hydrolysis is a simpler process than carbohydrate metabolism is [31] . A comparison of the gene set of the minimal genome derived from the comparasion of M. genitalium and Haemophilus influenzae [33] to the Mycoplasma mycoides subsp. mycoides SC gene set showed that 11 out of 254 genes of the minimal genome are absent in this strain [34] . In addition, several genes shown to be essential in E. coli are absent in the related gamma-proteobacterium symbiont of the clam Calyptogena okutanii [35] , including essential genes for cytokinesis (ftsZ and related genes) among others.
EVOLUTIONARY MECHANISMS OF GENOME REDUCTION
Reduced genomes from endosymbiotic prokaryotes share some general trends that together conform what has been called a reductive genome syndrome [36] . These trends include low G+C content, acceleration of nucleotide substitution rate, and the loss of adaptive codon bias, among others [37, 38] . The reductive genome process in these bacteria seems to be the result of relaxation of natural selection for maintaining genes used in the biosynthesis of compounds that can be imported from the host. This process, combined with an increase of genetic drift, leading to the accumulation of slightly deleterious mutations in a process known as Muller's ratchet, might eventually lead to the functional inactivation and loss of non-essential genes [38] . [69] .
Reduced genomes from free-living prokaryotes share several trends associated to genomes from host-associated bacteria, like low G+C content and accelerated substitution rate. However, the reductive genome process in these cases seems to be the result of streamlining selection for the efficient utilization of nutrient resources [16, 17, 39] . This hypothesis suggests that, in free-living species with very large population sizes, selection acts to reduce genome size because of the metabolic burden of replicating DNA with no adaptive value [17] . This process has been invoked to explain the genome reduction and metabolic specialization in Prochlorococcus marinus MED4 and SS120 strains, Candidatus Pelagibacter ubique and in the beta-proteobacterium HTCC2181 [16, 17, 39] . In agreement with this hypothesis, in a recent analysis on the genome of P. marinus no evidence of strong genetic drift has been detected [40] . It is too early to know if genome reduction in free-living prokaryotes is always mediated by this proposed process of streamlining selection. For the sake of comparison, a different hypothesis has been used to explain genome reduction in the Nanoarchaeum-Igniococcus system, where a very active genome recombination process, combined with the peculiar relationship between both organisms (and widely differing in population size to pelagic bacteria), might counteract genome expansion [19] .
Genomes from free-living prokaryotes often contain redundant metabolic capacities. Simpler and streamlined genomes might evolve by retaining alternatively redundant metabolic pathways. By modeling the evolution of reduced genomes of endosymbiotic bacteria and controlling for environment, Pál and co-workers [41] were able to obtain several different minimal gene sets due to contingency-dependent loss of alternative pathways. These diverse minimal gene sets were enriched in genes present in naturally evolved endosymbionts. Among sequenced reduced genomes, there are examples that alternative loss of metabolic pathways has indeed taken place. As shown by [42] the one-carbon pool tetrahydrofolate (C 1 -THF) metabolism in mycoplasma genomes clearly illustrates this process, where different species have differentially retained the metabolically redundant glycine hydroxymethyltransferase (GlyA) and formatedihydrofolate ligase (FthS) enzymes. Therefore, the evolution of reduced genomes can be thought as environmental as well as taxonomically constrained, but depending also on contingent dependent loss of alternative metabolic pathways. The outcome is that, for a given environment and a given species, several different equally-likely minimal genomes are possible.
THE MINIMAL GENE SET AND THE BOUNDARY BETWEEN CELL AND ORGANELLE
How small a genome of an intracellular prokaryote can become without losing the status of a cell and becoming an organelle? The boundary between cells and organelles might appear sometimes fuzzy, as it has been suggested for the photosynthetic body in the filose thecamoeba Paulinella chromatophora, where there is a high level of cell-cycle integration between the chromatophore and the amoebae, but the genes retained in the chromatophore genome suggest that this cellular entity is dependent on its host for consumables, although perhaps not for organelle-specific information [43, 44] . However, a good criterion to distinguish among endosymbionts and organelles seems to be whether or not all the functional proteins in the cytosol of the intracellular entity are encoded in its own genome [45] . Incidentally, this criterion was also used when comparing the genomes of Haemophilus influenzae and M. genitalium to derive a theoretical minimal gene set to sustain life: "however small, a cellular gene set has to be self-sufficient in the sense that cells generally import metabolites and not functional proteins" [33] .
Due to the lack of several important functions (like an incomplete set of tRNA synthetases) in the genome of Candidatus Sulcia muelleri GWSS [46] , and in Candidatus Carsonella ruddi PV [47] , it has been suggested that some of these functions might be encoded in the nucleus of the host (thus reaching the status of an organelle). This is a possibility that might also be true for the peculiar NanorachaeumIgnicoccus system [19] . For instance, a detailed analysis of the genes coded in the genome of Candidatus Carsonella ruddi PV showed that the extensive degradation of the genome is not compatible with its consideration as a mutualistic endosymbiont and, even more, as a living organism [48] . In this cellular entity, the genes for the synthesis of three essential amino acids required for the host have been completely lost, as well as several genes to replicate, transcribe and synthesize proteins, thus questioning its consideration as an independent living entity [48] . It remains to be seen to what extent these cells have reached so small genomes at the expenses of transferring some of the genes to the host genome (coupled with targeting back the translated proteins to the endosymbiont), or by gene loss and modification of the remaining genes to accomplish more than one function [47, 46] . While this question remains unclear, using these cells as models of minimal gene sets should take this into consideration.
THE MINIMAL CELL CONCEPT AND THE LAST COMMON ANCESTOR
It has been suggested that the idea behind the minimal cell is that "some set of basic parameters and principles are common to all cellular life on this planet, and the difficulty lies in finding the proper way to strip away the outer layers of complexity in order to uncover what is truly general and therefore satisfactorily describes all cells" [49] . This is, research on minimal cells seeks ultimately for principles common to all life forms. Since all life on Earth is related by having descended from a last common ancestor (LCA), a discussion of the minimal cell concept in relation to the nature of the LCA is unavoidable.
It is reasonable to assume that, at some point in evolution, extant cells were preceded by simpler cellular systems [50] . For instance, it has been suggested that hypothetical protocells might have been composed of an RNA genome coding for a self-replicating replicase and a lipidsynthesizing ribozyme inside a lipid membrane vesicle [51] . Such systems, if ever existed, would have been minimal in the sense that the lack of any of its components would have destroyed the system. However, as indicated by [28] the LCA was by no means a minimal cell. On the one hand, it should not be confused the experimental search of an engineered minimal cell/genome coding for the sufficient features of life which is taxonomic as well as environmental dependent, with the reconstruction of the genome of the LCA. As suggested by [49] , the minimal cell concept is mostly a "useful tool for organizing the thoughts about gene function in a particular organism in a particular environment". Therefore, there can be a pletora of different minimal cells [52] (as illustrated by the 42 genes from the mutation deletion experiment of M. genitalium which are unique to the mycoplasmas [53] ), but only one particular biology for the LCA. On the other hand, the universality of the genetic code and the high level of conservation of transcription and translation machinery, strongly suggest that the LCA had already evolved the capacity for ribosome mediated biosynthesis of proteins [54] and there is no reason to think that the genome of the LCA coded just for the essential set of proteins for survival (i.e., the lack of any one of its components would not have destroyed the entity).
Nevertheless, there is a clear relationship between the essentialness of a gene and its degree of evolutionary conservation, as shown by the phylogenetic distribution of essential genes identified in the genome of B. subtilis [10] . Therefore, some of the genes identified as essential in extant cells, were likely to be present in the genome of the LCA. This incidentally suggests that the complexity, measured in number of genes, of extant naturally-evolved reduced genomes is likely to be internally constrained (due to epistatic interactions) by having descended from such complex universal common ancestor, and externally, by the selective pressure exerted by extant competitors with similar evolved refinements.
Despite the set of highly conserved genes related to transcription and translation, comparative genome analysis performed to identify universally conserved proteins inherited from the LCA of all life, vary in their results depending on the sampled genomes and the methodology used for the back-track characterization [54, 55] . These datasets are, in some occasions, partially overlapping. The set of inferred genes can be as small as 80 universally conserved protein families (50 of them showing three domain phylogenies i.e., arcahea, bacteria and eukarya branching separately) [56] , or as large as ~1000 genes [57] . By using an algorithm that reconstructs the gene content of the LCA (penalizing horizontal gene transfers and secondary gene loses under parsimony criteria) [58] suggested a LCA with ~600 genes.
Whatever sophisticated the methods to characterize the LCA genome, it is unlikely that a functional cell can be reconstructed solely by defining the set of inferred ancestral genes. Clearly essential functions, like the main polymerase involved in DNA replication, are lacking when looking for universally conserved homologous genes [59, 60] . Nonorthologous gene displacement [61] might be one of the reasons for the lack of conserved genes otherwise expected to be present among a set of universal and conserved genes related to the basic functions of cells. How far the process of non-orthologous gene displacement has gone in hindering early stages of cellular evolution is still an unanswered question. However, it is likely that the same process that hides the past could be used to gain understanding on the basic functions genes have to perform in cells in order to keep them alive. For example, most bacteria posses a cell wall which provides structural stability and protects against osmotic stress. The wall-less M. genitalium and M. pneumoniae do not code for a single gene involved in cell wall formation, but they possess a cytoskeleton-like as a substitute [62] . Mycoplasmatales very likely evolved from Grampositive walled bacteria [63] ; therefore, the substitution of a cell wall by a cytoskeleton indicates the relevance of the function that is accomplished by two different nonhomologous cellular subsystems.
THE MINIMAL CELL CONCEPT AND A DEFINI-TION OF LIFE
It has been suggested that a definition of a minimal set of genes and/or their associated functions required to sustain cellular life involves ultimately an agreed-upon definition of what is living and what is not [49] . However, organisms are the product of evolution, and their history plays a central role on its phenomenology [64] . As argued by Moreno and co-workers [65, 66] , when defining life (and searching for its necessary and sufficient features), it is imperative to take into account the historical-collective and evolutionary perspective, because evolutionary change due to natural selection acting upon a system replicating with variation is a unique feature of living systems [65, 67] . This notion of life has remarkable implications for minimal cells. As mentioned above, three basic sub-systems of cells are metabolism (M), template based replication (T) and boundary (B) [4] . Under this view of life, a system resulting from the combinatorial of those sub-systems, in order to be considered fully alive, must show an open-ended evolutionary capacity.
CONCLUSIONS
A survey on the Aristotelian reality represented by the diversity of cells with small and reduced genomes evolved in nature can help to better delineate the Platonic idea of a hypothetical minimal cell. Reduced genomes from free-living organisms should be included, together with those of endosymbionts and parasites, as models of minimal cells. Extant biodiversity suggest that the minimal genome for a freeliving cell may contain approximately 10 3 genes. Differing from endosymbionts, streamlining selection might explain the reductive process in free-living prokaryotes. Ultimately, minimal cells must be endowed with the capacity to evolve.
NOTE ADDED AT PROOF
While this manuscript was been reviewed the genome of an -Proteobacteria named Candidatus Hodgkinia cicadicola (endosymbiont of the cicada Diceroprocta semicincta) was published [68] . With 169 protein coding genes and a surprisingly G+C content of 58% is the endosymbiont with the smallest genome.
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